Two optical range find ers of six-inch base length have been designed and constructed for making measurements to arbitrary points on a model. One measures distances from 2.5 feet to 10 feet, thc other from 9.7 feet to 25 feet. The accuracy of all distances is plus or minus one-quarter inch or better. Because of unusual requirements of use these range find ers operate by projecting two images of a bright cross upon the target, which may be fused into a single image by adjustment of the range knob.
Introduction
Two optical range finders of 6-in. base length have been designed and constructed for making measurements to arbitrary points on a model. One measures distances from 2.5 to 10 ft, the other from 9.7 to 25 ft. The accuracy of all distances is ±}~ in. or better. Because of the unusual requirement of the application in which Lhey are used these range finders operate by projecting two image of a bright cross upon the target, which may be fused into a single image by adjustment of the range knob.
The problems involved in the choice of the type and base length of the instruments, types of compensators, synchronization of compensation and focusing, adjustment, and calibration are discussed in considerable detail in the following sections.
Base and Ma gnification
The ability of a base-type range finder to discriminate between a distance Rl and another distance Hz depends upon the size of angle ~(X, the difference between the two parallax angles (Xl and (X2 sub tended by the base of length B at the points P l and P2 whose distances are Rl and R2 (see fig . 1 ). Since B is small compared to H, take (1) and or, for small differences ~R, Range finders are almost invariably telescopic and the angle of disparity presented to the eye of the observer is consequently (3) where M is the magnification of the telescope. The negative sign has been dropped because in the following argument only the magnitude is of importance. The present application requires ability to measure ranges up to 25 ft with an aecuracy of ± 0.25 in.
The quantity ~H/R2 is smalles t at the greatest dis-2 tance; at 25 ft it is 0.25+300 = 2.78 X 10-6 radian per inch of base. This is eq uivalent to 0.573 sec/in . An average observer can match the t wo parts of the image in a spiit-fieid-type range finder to within approximately ± 12 sec. His precision of matching for the two parts in the uperimposed-image type is a little poorer, about ± 20 sec. Because of the greater complexity and cost of the split-field type it was decided that the sup erimposed image would be used if practicable. By eq (2), with ~R/Rz= 0.573 sec/in. and ~A = 20 sec it is found that lvIB= 34.9 in. ' 1Ve chose to make lvI = 6 and B = 6 in.; this makes l\i [B= 36 and ~A = 20.6 sec. At all horter distances ~A will be greater, and the precision of matching well within the required 0.25 in.
Compensators
A compensator in a range finder is a device that produces a variable angular deviation of the line of sight by way of one window to bring the two images, one by one window and one by the other window, into coincidence. The position of this device when coincidence exists indicates the range. There are several types of compensator each of which has characteristics that make it advantageous for some special application. It is beyond the scope of this report to give a complete discussion of the characteristics of all the types. It will suffice to describe the characteristics necessary and desirable for our specific application and to show that the chosen type has these, or most of them.
The first characteristic to be considered is the sensitivity. This may be defined as the increment of displacement of the compensator corresponding to the smallest increment of range that is to be measurable. The sensitivity is not con stant but increases from a minimum at the long-range end of the scale to a maximum at the short-range end. This featur e definitely limits the spread between the maximum and minimum distances measurable by one range finder. Adequate sensitivity must b e provided at t he long-range end of the scale; at shorter ranges the ensitivity incr eases until such a large movement is necessary for 3 small change in distance that making a match b ecom es intolerably slow. The second consideration in the choice of t he compensator is the law relating the displacem ent of the compensator to the resulting deviation of the line of sight. For our purpose a compensator whose deviation angle is proportional to the displacement is desirable. Important reasons for this are that adjustment and calibration ar e simplified, and that it facilitates coupling to a fo cusing m echanism, which will be discussed in detail later.
Another consideration is simplicity of construction. If the other conditions are satisfied the compensator of the simples t construction is the obvious choice.
The sliding-lens compen sator seemed to fit these requirem ents b etter than any other type. This consists of a low-power lens that is larger than the window and may b e moved across the window along a line parallel to the base. A schematic drawing of this is shown in figure 2. In (a) the len s is shown cen tered on the line of sight, giving no deviation. In (b ) the lens is displaced so that the line of sight goes through it eccentrically and suffers a deviation D. The m agnitude of t h e d evia tion is proportion al to the eccentricity (this is an approximation of sufficient accuracy for the purpose). L et D b e the deviation , x t h e eccen tricity of the lens, and if> the power of the lens, then
and (5) In section 2 it was determined that the change in parallax angle represented by 0.25 in. at a distan ce of 25 ft was 2.78 X 10-6 radian per in. of base length. Also it was decided that a base length of 6 in. would b e used. The mini:mum increment in parallax angle that is to be perceived and m easured is then 16.67 X 10-6 radian. It is convenient to first compute th e eccentricity of a I-diopter lens for a deviation of 16.67 X 10-6 radian. This is, of course, 16 .67 X 10-6 m or 0.01667 mm. This can b e m easured with sufficient accuracy by a micrometer screw with spring preloading to take up the play. A I-diopter len s is therefore the choice for the compensator.
For the experimental model it would be impracticable to rule a special scale indicating distance directly, and it. was decid ed to use a comm ercially available linear scale indicating in hundredths of a turn up to ten turns. Consequen tly it was decided that the comp en sator would be decentered by a precision screw whose position would be indicated by one of these dials. This makes the scale 1,000 divisions long. These divisions are of such a size and quality that estimation to one-half division is easy and of sufficient accuracy. It was therefore decided to let one scale division r epresent approximately 0.5 in. at a distan ce of 25 ft.
W e have computed the decentration corresponding to 0.25 in. at 25 ft to be 0.01667 mm. Our entire scale is to be 2,000 times this long, approximately; this is 33.33 mm . The desired lead for the screw then is one-tenth of this or 3.333 mm per turn. One-eighth in. is 3.175 mm, and because screws of this lead can be made on easily available machines t his was adopted for the construction of the instrument. The total available range of displacement for th e compensator is l.25 in . or 31.75 mm with this screw. The total change of devia tion is t hen , by eq (5), 0.03175 radian. At 25 ft the parallax is 0.02 radian. If t h e instrument is built with a bias of approximately 0.035 radian it can b e made to work from a parallax angle of 0.02 to 0.05175 radian. This latter parallax corresponds to a distance of 9.66 ft, where one division of t h e scale represents 0.071 in . The total distance range of the instrument then is from 9.66 to 25 ft. It would be rather impracticable to try to increase this total range by increasing the length of the scale because, at the short-distance end of the scale the instrument is already much too sensitive. Even if the length of the scale were doubled it would onlT extend t h e range down to 6.2 ft . It is therefore obvious that another instrument with a less sensitive compensator is necessary for distances shorter than about 10 ft .
To measure distances under 10 ft, a sliding lens compensator of sufficient power and low sensitivity for a range finder of 6-in. base would have to b e corrected for spherical and chromatic aberrations, and coma. This would make it so complex that another type of compensator was chosen for the second instrument. A rotating mirror has the desired characteristics-it has no aberrations regardless of the magnitude of the deviation produced; and its sensitivity is inher ently low because the angle of rotation of the mirror is only half the r esulting deviation. The sensitiv ity can be made adequate by the use of a long lever arm for producing th e rotation of the mirror.
At a distance of 10 ft the parallax angle for a 6-in. base is 0.050 radian. For an increment of distance of 0.25 in. the change in parallax is 0.0001042 radian. If as before we let this be the change corresponding to one-half scale division the entire scale of 1,000 divisions will cover a range of 0.2084 radian. The minimwTI. distance will th en correspond to 0.05 + 0.2084 , or 0.2584 radian . TIlis distance is 1.935 ft, or 23.2 in.
The increment of parallax corresponding to 0.25 in. at a distan ce of 10 ft is 0.0001042 radian or 21.5 sec. This is large enough for satisfactory matching to within ± 0.25 in. without magnification. At any shorter distance it is still larger and thus more than adequate for matching with t he required precision without telescopic magnification.
. Projection
These range finders a re to be used Jo r measuring t h e slant distance to a particular point on a scale modeL B ecause various points on t he model are to be chosen for observation at various times the models are painted a uniform wbite and there is no permanent mark whose two images could be bought to coincidence in a range finder. It is n ecessary to provide a temporary mark and desirable that this be done without disfiguring tbe model. This can be done b.Y working in a darkened room and projecting a tiny spot of li g ht on the desired part of the model.
If an optical range fmder of the usual type were used the location oJ the rrojector would be unimportant, so long as a smal bright spot co uld be projected to the propel' place on the model. . The observer would look into the eyepiece of t he range finder, turn the knob to ach ieve co incidence, then obtain the distance by reading the scale. Because of the diverse locations of the model the observer would have to be prepared to follow t he eyepiece, and take whatever position would be necessary to sight in the direction of the model. Complex construction might be r esorted to, to bring the image from any direction into a fixed eyepiece. However, in this application suc h construction was impractical, partly because of the space it would require and partly because of rather considerable extra cost.
An alternative is to construct the range finder so lhat i t projects two bright images of a cross, one I hrough one window and another through the other window, that are to be brought inLo coincidence at the desired point on the model by means of the compensator. A telescope of suitable magnifying power, located in any convenient place, could be used for viewing the images while adjusting them in 10 coincidence. This arrangemen t, aILhough still requiring some variation in the position of the observer and direction of view, allow viewing withoul impractica ble contorLions . This is the plan that was adopted and Lhe range finders accordingly were designed to contain Lhe means for projecting two bright images npon LllP model.
329

Focusing
In orciC I' t hat coincidellce may be established with suffi cient precision to assu re t Ile requisite preci ion of t he distance measurement, the projected images must be fo cused sharply on the model at the point to which the distance is Lo be measured. Adjuslmen t of the focus and adj us tmen t of parallax to achieve coin cidence could very well be independent. However, t hi s would necess itate two separate adjustments for each measurement and would consequentl~r be somew hat inconvenient and neces·· sarily slower. Fortunately the laws governing the motion of the compensator and the focusing of a lens are so similar that it is easy to provide mechanical coupling of the two fu nctions to achieve simultaneously both coincidence and sharp focus .
Both the sliding lens and tlte rotating mirror produce angular deviations of the lin e of sight that are propor tional to tIle displacement of t he compensator, thus: D= Kx (6) where D is the deviation , x the displacement of the compe nsato r (a length for the sliding lens and an angle for the rotating mirror), and K is a constant. For the purpose of this discussion the displacement of the compe nsator, x, i measured from Llle posiLion it would have to make the parallax angle, Ct, of the two lines of sight equal to zero, that is , when Lhe two lines of sight arc parallel. Th en D of eq (6) equals Ct of eq (a) and cons('quenLI. The law relating the object distance land lhe image distance [' for image formation by a lell s is expressible in several forms . The one that is cOllvenie nt for this discussion is Lhe Newtonian form, ll' = J2, (8) where [ a nd l' are the object and image distanccs measured from their respecLive principal foci, and f is the equivalent focal lcngth of the lens. If the range finder and projection Ions were so positioned that the front focal point of the lens coincided with the point from which the dis Lance was measured (a condition that exists nearly enoug h in practice), Rand [' would be equal. Since R= R/Kx, [' = J2/l, and B/Kx=J2/l, thus (9) Since K, p, and R arc con stants, [ is proportional Lo ~:.
Consequelltly the two movements may be coupled by a simple mechanical dev ice such as a lev('1' or gears having the ratio KJ2/B.
Design
The superimposed-image type of ranp'e finder makes use of what is known as a "beam 'splitter," : 2 : a surface made either of a very thin layer of metal or a multiple layer system of dielectric films . This is so made that at the desired angle of incidence the reflectance is approximately equal to the transmittance. The schematic diagram of a range finder of this type is shown in figure 3 . The beam spli tter is in the cube at 1, which is made by fastening together wjth optical cement the equal hypotenuse faces of two right angle prisms, one of which has the beam-splitting layer on it. The resulting cuhe is a bcam splitter that has the same length of glass in both paths, transmitted and reflected. Thus light entering along the solid line of figure 3 is split into two parts approximately at right angles to one another and, except for a minor difference in intensity, these are both alike. The optical system of the long-range instrument is shown in figure 4 . l'he reticle, r, is illuminated by lamp, l, through condensing lens, c. The projection lens-; L 3, projects an image of r to the appropriate distance. The projected beam passes through the beam-splitting cube behind window 1 where it is split into two parts of approximately equal intensity, one transmitted and emerging at 1, the other reflected and finally emerging at 2. The position of the beam splitter is such that the two parts of the beam emerge from i t approximately at right angles. The pentaprism, P, is used to fold the projector beam so as to reduce the bulk of the instrument.
The laTge, low-powered lens, L1, is the compensator. It is movable along a line approximately parallel to the base line of the instrument. The fixed concave lens, L2, has diverging power equal to the converging power of the compensator; its function is to nullify the converging effect of the compensator. The two lenE'es together form, in effect, a prism of variable angle with no power of convergence or divergence.
The right-angled prism behind window 2 is oriented so that in the absence of deviation by the compensator the beam emerging from window 2 intersects that from window 1 at a di stance whose parallax angle is the mean of those for the maximum and minimum ranges of the instrument. This bias allows the compensator lens to function over a range that is centered on the lens thus minimizing the effects of aberrations and permitting a simple uncorrected lens to be used. 
The direction-determining image, from window 1, is colored red by a filter de ignated RF. It was originally intended that the other image would be colored blue because of the improved precision of E:etting in coincidence that is usually achieved when the images are in complementary colors. However, the inclusion of a blue filter so reduced the brightness of the image that the hue became almost inappreciable. The precision of setting was reduced rather than increased because of the low brightness. The blue filter was consequently omitted.
The assembly consisting of reticle, condensing lens, and lamp is mechanically linked to the compensator so that the image of the reticle is focused at the same distance at which the two beams emerging from 1 and 2 intersect.
Th e short-range instrument is shown schematically in figure 5 ; it differs only in the compensator. The right-angled prism at 2 in this case instead of being fixed in position is mounted so that it may be rotated through several degrees on an axis normal to the plane of the diagram at point a. The beam from the window at 2 may thus be varied in direction so as to intersect the other beam at distances from approximately 2 to 10 ft. The reticle-condenser-lamp assembly is linked to the compensator prism so that as the prism is rotated this assembly is displaced along the line of projection thus maintaining the focus at the same distance at which the beams from 1 and 2 intersect.
In the long-range instrument the movement of the compensator is several time that of the reticle. T o minimize the effect of mechanical play between the scale and the compensator and to make the mechanical advantage favorable, the precision screw, to which the scale is attached, drives the compensator directly. In the short-range instrument the movement of the reticle is large compared to the displacement of the lever that rotates the prism compensator. In this case the screw drives the reticle assembly directly. The mechanical play is reduced to inconsequential magnitude by preloading at all points of contact in the linkage.
The beam of light projected through window 2 will travel farther than that through window 1 in reaching the point where they intersect and the images are supposed to be coincident. Because of this the two images cannot both be in sharp focus. The best compromise is to have them focused so that the sharp focus of the beam from 1 is beyond the point of intersection and that from 2 is ahead of it. Then both will be sufficiently sharp for the pmpose. Sincc the two images will be the same size only at thcir respective positions of sharp focus, one will be smaller and the other larger at their position of coincidence. This reduces the precision of setting but not enough to be serious in this application.
The positions of the points, FI and F 2, from which l~ and l~, the Lwo image distances, are measmed are illustrated in figme 6. HCI'e FI is the front principal focus of the projection lens, L , for the transmitted beam emerging from window 1, and F2 is the front principal focus for the beam reflected by the beam splitter and emerging from window 2. These are the points from which l~ and l~, respectively, are measmed. However, the distance R to the observed point is measured from the base line. If the images were focused so tha t l~ = l~= R, then the point of coincidence would not be exactly half ,vay between the two sharp images, because in our range finders 0= 110 mm, approximately, and the base length is 150 mm. The coincidence point would be much closer to the image from window 2, and also the distances of the sharp images from th e point of coincidence would remain constant at all ranges if the motion of the reticle were coupled to that of the compensator with the ratio kj2/B, in accordance with eq 9. Although this condition is not optimum it might be satisfactory because of the depth of focus.
It is possible, however, to maintain a more nearly optimum condition. If the ratio of the linkage is made slightly different from that of eq 9, and the reticle position changed slightly, it is possible for two different ranges to locate the sharp images equidistant from the point of coincidence. If these ranges are chosen properly, somewhere near but not at the ends of the scale, the condition of focus will change only slightly from one end of the scale to the other.
For the short-range instrument the linkage ratio was computed so that the two images would be equidistant from the point of coincidence when the distance of coincidence was 1.0 m and 2.7 m. At tb se distances II = R+. 075 -0.110 The corresponding values of the parallax angle are 0.15000 and 0.05556 radian; ~a = 0.094444. Consequently ~l/~a=0.1219 m per radian. Because the rotation of the mirror-type compensator is only half the resulting change in the parallax angle the linkage ratio is 2 X~I/~a = 0.2438 m per radian. This, converted to more appropriate units, is 4.255 mm per degree. For comparison the value of KJ2/B is 4.055 mm per degree. For other ranges the distances from the point of coincidence to the sharp images are not equal, but the discrepancy ' is small . I t is shown graphically in figme 7. The two ranges of optimum focus were chosen as a result of a previous trial.
. Similar analysis for the long-range instrument gives an optimum linkage ratio of 0.118 . This is dimensionless and means that the displacement of the reticle is 0.118 times the displacement of the slid· ing-lens compensator. In this case the tracking errors are completely negligible.
It is not possible to realize this accuracy of synchronization by construction in which practicfible optical and mechanical tolerances are allowed. Consequently the linkages were made adjustable, and the correct ratio achieved by experiment.
. Telescope
A telescope is necessary for ± 0.25-in. accuracy with the long-range instrument . A 90-degree elbow type was adopted so that the position of the eyepiece and direction of viewing would permit comfortable use regardless of the direction to the object. It is constructed of components from a 6 X 30 binocular except that a pentaprism has been substituted for one of the customary Porro prisms to give the 90-degree bend to the line of sight. Also the spacings of the components have been changed slightly so that the range of focusing encompasses the working range of the range finder , 9.7 to 25 ft. The optical layout of the telescope is shown in figure 8.
. Adjustment
No attempt will be made to describe in detail the tedious procedures found necessary to adj us t tb e instruments as received from the shop. An outline of these adjustments and the means for making them will suffice. The necessity for adj ustments arises from the fact that the requisite accuracy of the finished instrument can not be achieved by the applicatIOn of tolerances to the separate parts. The following characteristics must be adjusted after assembly:
TOP VIEW SIDE VI EW FIGURE 8. Elbow telescope.
The Bias
This is the adjustment that makes the range b etween zero and maximum displacement of the compensator correspond to the desired maximum and minimum ranges for the instrument. The bias of either instrument is adjusted by slight turning of the right-angle prism around an axis parallel to its axis. Simultaneous with this adjustment any existing dip-vergence 1 is corrected by the use of shims to tilt this prism. When the prism has been correctly placed it is clamped, and locating retainers are screwed down so as to hold it permanently in this position .
Focus
The focus is adjusted for maximum sharpness of both images by sliding the reticle longitudinally in its carriage. Because of the construction the transverse adjustment of the reticle is lIkely to be disturbed by the focusing adjustment. Because of this the alinement of axes is left until last.
.3. Focusing Linkage Ratio
This must be adjusted to achieve optimum tracking between focusing and compensation to produce simultaneous coincidence and focus over the entire distance range of the instrument. The ratio of the levers between the compensator and the reticle carriage is adjusted so that at two positions, approximately one-eighth of the total distance range from each end of the range, the two sharp images are equidistant from the position of coincidence. Provision for adjusting either the length of one arm or the position of the fulcrum has been made in the construction of the instruments. The focusing will require adjustment again after each change in the lever . Once the correct ratio and focus have been obtained at these two distances the departure from optimum focus at other distances will be negligible.
Pointing Accuracy
The image from window 1 , or both images when in coincidence, is used for determining the azimuth and elevation of the line of sight. The direction of the line of sight, therefore, must not change with change in focus.
.5 . Alinement of Optical and Mechanical Axes
One of the tlu~ee axes of the mounting approximately coincides with the base line of the range finder. ·When the circular scale that indicates rotation around this axis is set at zero, the line of sight must coincide with one of the other two mechanical axes .
Adjustment to aline the optical axis with the mechanical one and to allow focusing without changing the direction of the optical axis is a tedious one. It is accomplished by achieving simultaneously the proper position and til t of the pentaprislll and proper transverse position of th e r eticle.
. Calibration
The parailax angle, a, of a r an ge finder is gIven by eq (1). This angle is a li near fun ction of the displacement of tJ;lC com.pensator , thu s where s is scale r eading and a o is a eonstan t. This, substituted into eq (1), gives However, nOlle of the constants 1<', a o, or B is J;;:nown precisely; consequenti y the relation between th e distan ce of coincidence and th e scale reading must b e determined exp erimentall y. It i n either n ecessary nor desirable to. eyaluaLe' these constan ts expli ci tl~~.
If eq (J 1) IS dlVJded by B, the r esul t is or, sin ce K IB a nd aol15 are ins trumen tal con stants, let us rewl'i te th e rela tion as 
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Theoretical~y P and Q could be evalua ted from th e data ob tained by setting for coin cidence a nd reading th e two .scale readings corresponding to s,ny two known dlstan ces. H owever, the accuracy of that method is insuffir,icm t. Settings should ' h fl marl e for perhaps live difl'er ent known distances, th e avcrag~ of th e scale r eading for ten su ccessive se LLing b eIng used as th e value of s for each distance . Th e constants may then b e evaluated by the leasLsquares method or th e method of averages. A m ethod th at should give suffi cien t accuracy for the purpose. is to plot points on a l ar ge-scale graph corresp?ndmg to each of the known dista nces using as absClssae the values of s and as ordinates th e value of l iR. It is then a matter of judgment to draw the straight lin e that b est fi ts t he data. The constaJ:ts may th en be evaluated fr om two widely spaced arbItrary points on the line. Th e line itself m av b e used as th e calibration but is inconvenient becaus-e it is plo tted with respect to the reciprocal of R instead of R directly. It is more conve nie nt to h ave a table giving R as a fu nction of s. This may be compu ted from eq (12) once accurate values of th e constants h ave b ee n obtain ed.
In subsequen t use of th e instrument an occas ional chec k of the COl'I'ectness of the scale sh ould be made by making several se tti 11gS at a known distance. If th ore is any discr epancy it ca n be correc ted by repositioning th e poinLer. This procedure is th eor etically exact becau se of Lho n ature of th e law governin g th e compensator.
